Recently, a novel cationic polymer, dextran-spermine (D-SPM) was developed for gene delivery. An efficient transfection was obtained using this polycation for a variety of genes and cell lines in serum-free or serum-poor medium. However, transfection using the water-soluble D-SPMbased polyplexes decreased with increasing serum concentration in cell culture in a concentration-dependent manner, reaching 95% inhibition at 50% serum in the cell growth medium. In order to overcome this obstacle, oleyl derivatives of D-SPM (which form micelles in aqueous phase) were synthesized at 1, 10, and 20 mol% of oleyl moiety to polymer e-NH 2 to form N-oleyl-D-SPM (ODS). Polyplexes based on ODS transfected well in medium containing 50% serum. Comparison with polyplexes based on well-established polymers (branched and linear polyethyleneimine) and with DOTAP/Cholesterol lipoplexes showed that regarding b-galactosidase transgene expression level and cytotoxicity in tissue culture, the D-SPM and ODS compare well with the above polyplexes and lipoplexes. Intracellular trafficking using FITC-labeled ODS and Rhodamine-labeled pGeneGrip plasmid cloned with hBMP2 monitored by confocal microscopy revealed that during the transfection process the fluorescent-labeled polymer concentrates in the Golgi apparatus and around the nucleus, while the cell cytoplasm was free of fluorescent particles, suggesting that the polyplexes move in the cell toward the nucleus by vesicular transport through the cytoplasm and not by a random diffusion. We found that the plasmids penetrate the cell nucleus without the polymer. Preliminary results in zebra fish and mice demonstrate the potential of ODS to serve as an efficient nonviral vector for in vivo transfection. Gene Therapy (2005) 12, 494-503.
Introduction
Gene therapy is an approach for human disease treatment by inserting nucleic acids into cells in order to produce desired proteins or missing peptides, to fix or replace damaged genes, and to inhibit (by antisense sequence ODN, or siRNA) expression of harmful genes.
1,2 Successful gene therapy has yet to overcome several barriers. One of the main obstacles involves the need for an efficient and safe gene delivery system. 3, 4 The ideal gene delivery system must protect the nucleic acid from degradation, have the ability to deliver it to target cells, and should induce efficient gene expression in the presence of body fluids such as serum and interstitial fluids, concomitant with being nontoxic, nonimmunogenic, and stable during storage and treatment. [5] [6] [7] Gene delivery systems are classified into viral and nonviral systems, and the nonviral are subdivided into selfassembled and nonself-assembled systems. Although the actual in vivo transfection rates of the nonviral gene vectors are lower than those of viral vectors and the gene expression is transient, the nonviral systems offer several advantages, including increased biological safety, low immunogenicity, the ability to deliver large genes, and the possibility of large-scale production at reasonable cost. 8 Cationic polymers, polycations, are a leading class of nonviral self-assembled nucleic acid delivery systems, in part because of their molecular diversity, which can be modified to fine tune their physicochemical and biological properties. 9, 10 Polyplexes, formed between DNA and polycations, have been shown to tightly pack the DNA, so that the entrapped DNA is protected from contact with DNase. The fact that the DNA in polyplexes is presented to the cells very differently from naked DNA, with respect to electrical charge (positive) and molecular condensation (condensed), is believed to facilitate cell uptake of complexes by adsorptive endocytosis.
Polycations used in gene delivery such as polyethyleneimine (PEI), 11 poly(L-histidine)-graft-poly(L-lysine), 12 and polyamidoamine (PAMAM) starburst dendrimers, 13 are polyamines that are cationic under physiological conditions and are capable of spontaneously forming complexes with DNA after removal of small counterions from both cationic polymer and DNA (a thermodynamically favored step, which drives and stabilizes polyplex formation). Polymers such as PEI have a high density of cationic groups such as secondary and tertiary amines whose charge is pH-dependent so that they can act as endosomal buffering systems. Therefore, the nucleic acid can be released from the lysosome without degradation (endosomal escape).
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In recent publications, [14] [15] [16] we reported on a new type of biodegradable water-soluble polycation based on spermine (SPM) grafted onto dextran (D-SPM, Figure  1a ). In the current study, we evaluate the transfection efficiency of D-SPM-based polyplexes. Several parameters that might influence the transfection efficiency have been studied, such as the use of different types of plasmids, polymer/DNA charge ratios, and types of cell lines. D-SPM-DNA polyplexes lack defined hydrophobic regions and are hydrophilic in nature due to the highly polar saccharide units of the polymer backbone. These D-SPM-based polyplexes perform very well in serum-free or serum-poor growth medium. However, a high percentage of serum inhibits transfection, reaching 95% inhibition in 50% serum. One hypothesis for such inhibition is related to the high hydrophilicity of D-SPMbased polyplexes. To test this hypothesis, we hydrophobized the D-SPM by covalently attaching to some of its NH 2 moieties an oleyl residue to form N-oleyl-D-SPM (ODS, Figure 1b) . We compared the transfection efficiency of the water-soluble D-SPM-and micellar ODSbased polyplexes and found that ODS was indeed superior in high serum-containing media. Subsequently, we studied the intracellular trafficking of ODS polyplexes and performed preliminary in vivo studies that demonstrate the utility of ODS for in vivo transfection.
Results
Transfection efficiency in serum-free medium Reproducibility of transfection efficiency of D-SPMbased polyplexes. SPM conjugation to dextran by the reductive amination method [14] [15] [16] I ). b-Galactosidase concentration achieved using D-SPM polyplex having NH 3 + /DNA À ratio of 1.8 (batch #3) was 309 pg/ml (Table 1, II) . Similar transfection was achieved using lipoplexes based on DOTAP/Cholesterol (ie, concentrations of 24.3 ng/ml hGH and 254 pg/ml bgalactosidase). Semiquantitative evaluation was carried out using pLNCluc plasmid; results are shown in Table 1 (III). Luciferase activities (RLU) obtained with D-SPMbased polyplexes were compared to that from DOTAP/ Cholesterol lipoplexes. Transfection efficiency of polyplexes batches #4-#7 ranged from 75 to 275% of DOTAP/ Cholesterol.
Transfection efficiency in various cell lines. Transfection efficiency of polyplexes based on D-SPM was evaluated in various cell lines using the pCMVLacZ plasmid at various charge ratios. The 4-h incubation of polyplexes with cells was in serum-free medium (see 
Effect of serum on transfection efficiency
Transfection efficiency as determined from hGH concentration using D-SPM-based polyplexes was decreased with increasing percentage of serum in cell media. We hypothesized that the lack of hydrophobic moieties in the polyplex is responsible for the decreased efficiency in high serum containing media. To test this, we partially hydrophobized the water-soluble D-SPM with various hydrophobic anchors, including saturated fatty acids of C8-C18, cholesterol, and oleic acid. 17 Only the oleyl-modified derivatives were found to enhance transfection appreciably. We used 1,6-diphenyl-1,3,5-hexatriene (DPH) in order to demonstrate the difference in state of self-association (micelle formation) 18 between D-SPM and olely-modified D-SPM (ODS-20%, where 20% of e-NH 2 of D-SPM is covalently attached to the oleyl moiety). DPH fluoresces only when present in a hydrophobic environment, 19 and therefore it can be used successfully to determine the critical micellar concentration (CMC). Figure 3 shows that the CMC of ODS-20% was 40 mg/ml (0.045 mM e-NH 2 ; 0.011 mM of oleyl moiety). D-SPM is water soluble and does not 
Comparison of the performance of D-SPM and ODS with well-established polyplexes and lipoplexes
Transgene expression in cells in culture. Figure 4c shows that the transfection efficiency of ODS-20% was similar to that of D-SPM, ODS-10%, linear PEI (L-PEI), and DOTAP/Cholesterol in serum-free medium. The transfection efficiency of branched PEI (B-PEI) was lower (significantly), and of naked DNA much lower. In medium containing 50% serum, however, ODS-20% showed significantly higher transfection (Po0.05) compared to D-SPM, B-PEI, DOTAP/Cholesterol, and naked DNA.
Cytotoxicity. Cytotoxicity at the concentration range used for transfection (equivalent to 1-2 mg cationic carrier/well of 96-well plates) was minimal for all cationic carriers studied (B-PEI, L-PEI, D-SPM, ODS-20%, and DOTAP/Cholesterol). Above 10 mg (5 times the level used for transfection) cytotoxicity was obtained, with D-SPM being the least cytotoxic. The incorporation of the oleyl moiety to D-SPM resulted in increased cytotoxicity, compared to D-SPM. However, ODS-20% had similar toxicity to that of L-PEI and B-PEI. DOTAP/ Cholesterol showed higher cytotoxicity and was the most toxic cationic carrier tested ( Figure 5 ). Based on the high transfection efficiency in 50% serum and the relatively low cytotoxicity, we focused our efforts on ODS polyplexes.
Intracellular trafficking of ODS-based polyplexes
For the investigation of intracellular trafficking of polyplexes during the transfection process, we used fluorescein isothiocyanate (FITC)-labeled ODS and (Figure 6a ), the polyplexes were concentrated in large aggregates on the cell membrane. Some separation between the pDNA and the polymer occurred, as Rhodamine fluorescence that originated from the plasmid was already observed in the cytoplasm. At 60 min postpolyplex addition (Figure 6b ), the labeled ODS was found entirely inside the cell cytoplasm in small clumps that may be the endosome vesicles. The plasmids are distributed in the cytoplasm around the nucleus. At 90 min postpolyplex addition (Figure 6c ), labeled ODS can be seen adhering to the nucleus membrane, while most plasmid was observed in the Golgi apparatus, and some of it was observed in the nucleus. At 2 h postaddition (Figure 6d ), the polyplexes dissociated into smaller and homogeneous particles located around the cell nucleus and in the Golgi apparatus. By that time the separation between pDNA and polymer continued, and the quantity of the labeled plasmids observed inside the cell nucleus was higher than in the cytoplasm. The same trend was observed at 4 h postpolyplexes addition (Figure 6e) . Although no colocalization studies with subcellular organelle-specific fluorescent probes were done, confocal microscopy strongly supports the claim for the localization in the Golgi apparatus and the nucleus. The localization in the endosomes is more circumstantial.
In vivo studies Luciferase activity in fish. Zebra fish were injected i.p.
with polyplexes based on ODS (Figure 7a(I) ), lipoplexes based on DOTAP/Cholesterol (Figure 7a(II) ), and naked pLNCluc (Figure 7a(III) ). Results indicate luciferase activity 24 h postinjection using polyplexes and lipoplexes, but not using naked DNA, as determined from luminescence detected by a CCCD camera. . Thus, an experiment to find this optimum is required for each batch, as it is impossible to predict the exact ratio at which the best transfection will occur. However, in all batches, the activity at the optimum was similar to that achieved by polyplexes based on L-PEI at its optimal conditions and by lipoplexes based on DOTAP/Cholesterol, independent of plasmid type used (Table 1 ). It was found that D-SPM-based polyplexes mediate transfection in several cell lines in the following order: COS-7 4HCT-116 4HeLa 4NIH 3T3 4CHO (Figure 2a) . In recent work on D-SPM and its polyplexes, 20 it was found that at charge ratios needed for successful transfection, the net charge of the polyplex is highly positive (there is only minimal neutralization of the cationic polymer by DNA). This positive charge is needed for adsorption to the negatively charged cell membrane. The most studied and most effective polymers for gene delivery presently known are PAMAM and PEI. A crucial aspect for their efficiency seems to be that both polycations are not fully protonated at physiological pH. Therefore, they possess a buffer capacity and promote endosome disruption and endosomal escape (proton sponge effect). D-SPM acquires its positive charge from its primary and secondary amines. Bergeron et al 21 found pKa values of 10.05 and 10.86 for primary and 7.95 and 8.82 for secondary amines of free SPM. Conjugation of SPM to dextran resulted in conversion of one of the primary amines of SPM to a secondary amine, and its pKa, although unknown, should be at a lower pH than that of the primary amine. Since we found 20 that at physiological pH (7.4), the pH surface value of the polymer is 9.2, it is likely that at pH 7.4 only the primary amines are protonated, while the secondary amines are unprotonated or partially protonated. Only D-SPM with high levels of cross-linkages transfect well, again suggesting the importance of a high content of secondary amine for optimal transfection. In this respect, the active D-SPM resembled L-PEI. The high fraction of unprotonated secondary amines suggests the ability of the polymer to act as a proton sponge inside the endosome. In addition to the similarity in chemical structure of branched polyethyleneimine (B-PEI), and D-SPM (ie, branched or crosslinked, being not fully protonated at physiological pH), it is possible that those polycations have hidden amino groups (less exposed to the solution) that may contribute to their proton sponge effect. 20 Transfection efficiency of D-SPM was decreased with increasing serum concentrations (Figure 4a ). Nonviral cationic gene delivery carriers, being positively charged, were shown to interact with negatively charged blood components (eg, serum proteins and red blood cells). 22 Serum was found to inhibit the transfection efficiency of many of the cationic carriers, and the higher the percentage serum, the larger is the inhibition. [23] [24] The enhanced transfection using ODS in comparison to D-SPM in serum-rich medium (Figure 4c) is not related to the shielding of polymer's positive charges by oleyl moieties. 20 Serum causes the polymer's cationic charges to be more available for interaction with DNA. As determined from fluorescence resonance energy transfer (FRET) between FITC-labeled DNA as donor and Rhodamine-B-labeled D-SPM as acceptor, the average distance between D-SPM and DNA in a polyplex of NH 3 + :DNA À charge ratio of 5 becomes shorter in the presence of serum (ie, 76.6 Å for polyplex in buffer and 61.4 Å for polyplex in serum). 25 The shorter distance between DNA and D-SPM in the presence of serum may indicate a stronger interaction between polymer and DNA, hence it is harder for the DNA to dissociate from the polyplex before it enters the nucleus. Since D-SPM is better neutralized by DNA than ODS, 20 it is likely that the reason for the enhanced transfection of ODS in serum-rich medium is due to the interference of the hydrophobic oleyl moieties in DNA approach toward the cationic polymer. That interference may result in a weaker association of DNA to ODS and hence the subsequent dissociation of the DNA from the complex is easier. We found that higher transfection was achieved using higher amounts of oleyl moiety in the polycation (ie, ODS-20% 4ODS-10% 4D-SPM, Figure 4c ). The oleyl moiety is covalently conjugated to D-SPM via the primary amines (the most important source of the polycation positive charge at pH 7.4). 20 It is important that the conjugation does not substantially reduce that cationic charge, which is essential for the electrostatic interaction with DNA and the cell membrane.
Comparison of the performance of D-SPM and ODS with well-established polyplexes and lipoplexes
In serum-free medium, the transfection efficiency of ODS-20% polyplexes was similar to that of D-SPM, ODS-10%, L-PEI polyplexes, and DOTAP/Cholesterol lipoplexes; and higher than that of B-PEI polyplexes; and much higher than of naked DNA. In medium containing 50% serum, the ODS-20% polyplexes showed similar transfection efficiency to that of L-PEI-based polyplexes, but much higher transfection compared to D-SPM, B-PEI, DOTAP/Cholesterol complexes, and naked DNA (Figure 4c) . However, the incorporation of the oleyl moiety to D-SPM resulted in increased cytotoxicity compared to D-SPM. Still, the cytotoxicity of ODS-20% was not worse than that obtained using L-PEI and B-PEI. DOTAP/Cholesterol shows the highest cytotoxicity of all cationic carriers studied by us ( Figure 5 ). For transfection efficiency experiments, we used less than 20 mg cationic carriers per 1 mg DNA (see Materials and methods), and the number of cells per well was about 20-fold higher than what was used in the cytotoxicity experiment. Under conditions relevant for transfection in vitro, taking into consideration the ratio of cationic
Comparing water-soluble and micellar polymers H Eliyahu et al carrier concentrations to number of cells and radius of a well in the microwell plate, transfection is optimal at the range of 1-2 mg carrier. At these concentrations (1-2 mg/ well of 96-well plates), none of the above cationic carriers are toxic ( Figure 5 ). In addition, unlike PEI, D-SPM is biodegradable, a fact that might be of great importance for in vivo applications.
Intracellular trafficking
It is likely that there is more than one mechanism for the cellular processing for all nonviral gene delivery systems. These systems are not familiar to the cellular machinery and lack the recognition characteristics that are essential for intracellular navigation. 10 Using FITClabeled polymer and Rhodamine-labeled DNA allows monitoring the kinetics of each complex component in C3H10T1/2 cells by confocal microscopy. At 30 min posttransfection, the polyplexes were found adsorbed on the anionic cell membrane (Figure 6a) , probably due to nonspecific electrostatic interactions with anionic molecules, such as proteoglycans, peptidoglycans, and sialic acid, that are located on the cell membrane surface. Generally, the uptake of polyplexes into the cells was proposed to be by adsorptive endocytosis. 4 At 60 min post-transfection (Figure 6b ) polyplexes were moving toward the cell nucleus. The large aggregated complexes, which we suggest represent the endosome, are probably capable of disrupting the endosomal membrane due to their high buffering capacity. 20 Polyplex components were found to be at the Golgi apparatus and unhomogeneously dispersed around the cell nucleus 90 min post-transfection (Figure 6c ). At this time, the first fluorescent plasmids can be observed in the nucleus (although most of the plasmids are still in the cell cytoplasm). The process of plasmid dissociation from complexes was attributed to anionic molecules in the cell cytoplasm capable of replacing the anionic DNA. 10, 26 Other work suggested that the mechanism for complex dissociation involves components in the endosome or prelysosomal membrane. 27 In some cases, the plasmid dissociation takes place in the nucleus. 10, 28 In our study, 2-4 h post-transfection (Figure 6d and e) the polyplexes dissociate into smaller, homogeneous particles that are located around the cell nucleus. The penetration of DNA to the nucleus is considered to be one of the major obstacles for nonviral gene delivery. 29 However, in the case of ODS-based polyplexes, the majority of the labeled plasmids are observed inside the cell nucleus at these time points.
During the intracellular trafficking, the fluorescently labeled complex components were found to be concentrated in the Golgi apparatus (polymer and DNA), around the nucleus (polymer and DNA), and inside the nucleus (only DNA), whereas, in the cell cytoplasm no fluorescence was detected. It seems that the complex moves in the cytoplasm toward the nucleus not by random diffusion. Viral particles can move through the cytoplasm through the microtubular network and have various mechanisms for traversing the nuclear membrane. Thus, without some means of assisted transport to, and entry into, the nucleus, nonviral gene delivery is likely to remain inefficient. Linear PEI appears to assist these transport processes, whereas branched PEI and most nonviral delivery systems do not. 3, 30 Other methods of assisting plasmid transport to the nucleus include the use of nuclear localization signal peptides. 31 It is possible that in the case of ODS, SPM directs the complex toward the cell nucleus. We found that only naked plasmids without the polymer penetrate into the cell nucleus. The intracellular trafficking using PEI revealed that PEIbased polyplexes penetrate the cell nucleus in an organized structure. 32 Apart from that, the kinetics of PEI-based polyplexes resembled that of ODS-based polyplexes.
Preliminary in vivo studies
Preliminary in vivo experiments (injection of polyplexes based on ODS into the femoral muscle of mice, or i.p. to zebra fish) resulted in efficient transfection. Comparison of the transgene expression of ODS with that of naked DNA in the muscle showed at least 10-fold higher expression using the ODS (as was estimated from X-galstained sections, not shown). This study demonstrates ODS activity when local routes of administration are used. This activity is important in the case of D-SPM derivatives, since we found that local administration (intramuscular and intranasal) of these polyplexes results in systemic distribution accompanied by transgene expression in organs remote from the injected site, such as the lungs and the liver, whereas such distribution does not occur for lipoplexes based on DOTAP/ Cholesterol, as transgene expression for these lipoplexes remains at the site of administration. We demonstrated that the higher water-solubility of the polymer combined with its lower positive charge 20, 25 (which probably makes polyplex association with the cells at the site of injection weaker than that of lipoplexes), enable the polymer to reach and transfect distant organs through the blood stream. 25 
Materials and methods

Materials
Cholesterol, oleic acid N-hydroxy succinimide, dextran (40 kDa) were obtained from Sigma (St Louis, MO, USA), B-PEI (25 kDa) from Aldrich (Milwaukee, WI, USA), L-PEI (25 kDa) from Polysciences (Warrington, PA, USA), and spermine, from Fluka (Buchs, Switzerland). 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) was obtained from Avanti Polar Lipids (Alabaster, AL, USA). Based on TLC analysis 33, 34 the purity of all lipids used was X98.0%.
D-SPM preparation
Synthesis and chemical characterization of D-SPM, including the determination of primary amines by the TNBS method and determination of total nitrogen content were detailed in previous publications. [14] [15] [16] 
Preparation of N-oleyl-D-SPM (ODS)
D-SPM (20 mg, B26 mmol of e-NH 2 , by TNBS method) was dissolved in 1.5 ml water:tetrahydrofuran (THF) (1:2, v/v). The solution was stirred vigorously at room temperature and 1, 10, or 20 mol% (to D-SPM e-NH 2 ) of oleic acid N-hydroxy succinimide in anhydrous THF was added. The mixture was stirred at room temperature for 24 h and THF was removed by a flush of nitrogen, diluted with water, and dialyzed against water to remove liberated N-hydroxy succinimide and unbound fatty 
Labeling of ODS with FITC
100 mg of ODS-1%, which contains B118 mmol of e-NH 2 , was dissolved under gentle stirring in 2 ml of water. To this was added 0.708 mmol FITC solution in DMF (0.6 mol% FITC to e-NH 2 ) and the mixture stirred at room temperature for 24 h in the dark. The mixture was purified by Sephadex G-10 (Amersham Pharmacia Biotech, Sweden) column chromatography, using water as eluent, to remove free FITC. Fractions were pooled and lyophilized to dryness. Yield: 83 mg (B83%).
Liposome preparation
Unsized (nonextruded) heterogeneous vesicles (UHV) were prepared by freeze-drying overnight mixtures of DOTAP/Cholesterol (1:1, mol/mol) dissolved in tertbutanol. The lyophilized 'cake' was hydrated with 20 mM Hepes, pH 7.4, and vortexed for several minutes to form UHV, mostly uni-and oligolamellar vesicles of B 500 nm.
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Plasmids pEGFP-C1 plasmid under the control of the CMV promoter, pLNCluc plasmid containing the firefly luciferase gene, pLacZ under the control of the SV40 or CMV promoter, and pCMVhGH were used for quantitative and qualitative assays. Plasmids were purified using the Nucleobond AX 500 column (Machery-Nagel, Duren, Germany) or using the Qiagen Plasmid Mega kit (Hilden, Germany). The concentration of DNA was quantified by determination of organic phosphate 34, 36 and is expressed as equivalent concentration of organic phosphate, which represents DNA negative charges.
DNA labeling
A Rhodamine-labeled plasmid (pGeneGrip), with hCMV IE promoter/enhancer driving the cloned hBMP2 gene, was obtained from Gene Therapy Systems (San Diego, CA, USA) and used for trafficking experiments. Labeling of the pGeneGrip plasmid was performed by site-specific hybridization to Rhodamine-labeled PNA clamps. PNA binding was done according to the manufacturer's instructions. Recovery of plasmids and PNA binding were evaluated by gel electrophoresis.
Cell culture
Cells (murine C3H10T1/2 progenitor, human embryonic kidney (HEK293), Chinese hamster ovary (CHO), human cervix carcinoma (HeLa), and murine fibroblasts NIH 3T3) were cultured in complete medium (Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (w/w) fetal calf serum (FCS), 0.2 mM L-glutamine, 1 mg/ml penicillin, and 100 U/ml streptomycin), all obtained from Biological Industries, Bet-Haemek, Israel, and incubated at 371C in a humidified atmosphere of 5% CO 2 .
Transfection assays using serum-free medium Briefly, 1.3 Â 10 5 cells were incubated in six-well dishes. Complete medium was replaced 24 h later by 1 ml DMEM. Either polyplexes or lipoplexes were added to the dish. Every transfection experiment using polyplexes (based on D-SPM, ODS, or PEIs) was done in several polymer-to-DNA w/w ratios (ie, 2.5, 5, 7.5, 10, 12.5, and 15 mg polymer to 1 mg DNA). Transfection efficiency was evaluated at each ratio, and the best transfection value obtained was recorded and used in the figures. For lipoplexes based on DOTAP/Cholesterol, we always used +/À charge ratio of 2:1, as it is commonly used for in vitro transfection with this reagent. 33, 36, 37 After 4 h, DMEM was replaced by 1 ml of complete medium.
Reproducibility (NIH 3T3 cells). pCMVhGH (1.62 mg, 5 nmol), pCMVLacZ (2.0 mg, 6.16 nmol), and pLNCluc (1.0 mg, 3.08 nmol) were complexed with various amounts of D-SPM of batches #1-#7 in HBS (20 mM Hepes buffer saline), pH 7.4. The best transfection value and its charge ratio are specified in Table 1 
Transfection efficiency in serum-containing medium
Transfection was done according to the protocol described above (transfection using serum-free medium) with the exception that the 4-h incubation of polyplexes contained 10-50% FCS. b-Galactosidase was measured either using the ELISA kit (Roche), as described above, or using the Galacto-Light Plus (Tropix, Biosystems, Bedford, MA, USA) according to the manufacturer's instructions. Values were normalized for total protein (Pierce, Rockford, IL, USA) using BSA as standard protein.
Determination of CMC
Cationic carriers (D-SPM, ODS-20%, and DOTAP/ Cholesterol) at various concentrations were incubated with 1,6-diphenyl-1,3,5-hexatriene (DPH, Molecular Probes, Eugene, OR, USA). DPH fluoresces only when present in hydrophobic environments such as liposome bilayers or micelles 19 (DPH does not fluoresce in aqueous phase). Therefore, it can be used to detect the presence of such lipidic assemblies, as well as to determine CAC or CMC, as described elsewhere. 18 The mole ratio of polymers' e-NH 2 or DOTAP to DPH was kept constant (400:1). Fluorescence intensities of samples with and without DPH were read using excitation and emission wavelengths of 360 and 430 nm, respectively, slits of 5 nm, and the net fluorescence intensity (corrected for 
Confocal fluorescence imaging microscopy
A Zeiss LSM410 confocal laser scanning microscope, set up from a Zeiss Axiovert 135 M inverted microscope using a Â 40 plan-neotluar oil immersion objective, was used for the optical sectioning of cells. The system was equipped with argon laser 488 nm excitation wavelength of green fluorescence. Red fluorescence was excited with a helium-neon laser (543 nm). Fluorescence and DIC images were acquired simultaneously according to Nomarski. Confocal images were converted to TIFformula and transferred to Zeiss imaging workstation for pseudocolor representation. Data processing were performed using Zeiss and Adobe Photoshop programs (San Jose, CA, USA). 3 Â 10 4 cells/well were preincubated for 24 h in chamber coverglass slides (Nunc, Rosklide, Denmark) and were grown in phenol-red-free complete medium. The cultured cells were transfected with labeled plasmid (pGeneGrip) and unlabeled ODS or transfected with unlabeled plasmid and labeled ODS according to the transfection protocol above. At the appropriate time points (30, 60, 90, 120 , and 240 min), the cell culture was washed 3 times with sterile PBS and the confocal analysis was performed on the sample of living cells in sterile PBS. The images described in Figure 6 represent the behavior observed for 450% of the cells in every well (four wells for each treatment). The experiment was done using living cells, and the kinetics was followed using the same cells at each time point.
Estimation of LacZ-transfected cells by FACS
The percentage of pLacZ-transfected cells was measured by staining resuspended cells 48 h post-transfection with fluorescein di(b-D-galactopyranoside) (Sigma) and analyzing by FACS (FACScan, Becton Dickinson, Franklin Lakes, NJ, USA).
In vivo experiments Luciferase activity in fish. Zebra fish were injected i.p. Lac-Z activity in mice. The femoral muscle of a female C3H/HeN mouse was injected with ODS-1% complexed with pLacZ (3 mg). Polyplexes were injected into three mice. After 14 days, operated limbs were fixed by transcardial perfusion with 20 ml of a solution of 0.2% glutaraldehyde, 1.5% formaldehyde, 0.1 M sodium phosphate (pH 8.3), 5 mM EGTA and 2 mM MgCl 2 . Muscle sections were fixed in the same solution for 30 min and washed three times with a solution of 0.1 M sodium phosphate, 2 mM MgCl 2 , 0.1% sodium deoxycholate and 0.2% Nonidet P40. The sections were stained by incubating them in a solution of 1 mg/ml X-gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 0.1 M sodium phosphate, 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.2% Nonidet P40, at room temperature (in the dark) overnight. For histology, 10-mm paraffin sections were stained with the counterstain Nuclear Fast Red 0.1 in 5% aqueous aluminum sulfate (Sigma) for 1 min. About 30 sections were done on each muscle. The image of the detected site was captured using a digital camera (SV Micro; Sound Vision, Framingham, MA, USA).
Statistical analysis
Data were analyzed by Student's t-test and difference with Po0.05 were considered significant.
General
All other chemicals were analytical grade or better. All solutions were prepared with highly purified water prepared by the WaterPro PS HPLC/Ultrafilter Hybrid (Labconco, Kansas City, MO, USA) system, which provides low levels of total carbon and of inorganic ions in sterile pyrogen-free water, of resistance 18.2 Mohm.
